The influence of reproduction on body temperatures preferred in a laboratory thermal gradient has been studied mostly in ectotherms that are either viviparous or oviparous with prolonged egg retention. In this study I investigated whether reproduction influences temperature preferences in the Italian crested newt, Triturus carnifex (Laurenti, 1768), whose females do not carry embryos in utero (strict oviparity). I compared preferred temperatures and locomotor activity among reproductive females, non-reproductive females, and males in an aquatic thermal gradient (5-32.5°C) over 24 h. Reproductive females preferred mean body temperatures 2.3-4.3°C higher than those of nonreproductive females and males irrespective of activity level. Females regulated body temperature more precisely when reproductive than when non-reproductive as judged by the narrower range of preferred body temperatures. The study showed that the shift in temperature preferences of reproductive females occurs not only in species with advanced reproductive modes (i.e., viviparity and oviparity with egg retention), but also in a strictly oviparous mode.
Introduction
Many ectotherms maintain their body temperatures within a preferred range that is characteristic of the species. However, thermal preference is not a fixed trait but is affected by physiological processes such as digestion or reproduction (for reviews see Huey 1982; Hutchison and Dupré 1992; Peterson et al. 1993) . The influence of reproduction on thermal biology has received the most atttention in studies of squamate reptiles. Numerous studies have shown that reproductive females often prefer either a lower or a higher body temperature than non-reproductive ones (e.g., Garrick 1974; Patterson and Davies 1978; Beuchat 1986; Daut and Andrews 1993; Tu and Hutchison 1994; Rock et al. 2000) .
The shift in temperature preferences of reproductive females is commonly interpreted as providing optimal temperatures for offspring development (see references above).
Indeed, an upward shift in maternal body temperature increases the development rate (e.g., Beuchat 1988; Swain and Jones 2000; Wapstra 2000) . Temperature during development also influences survival, body size, growth rate, and locomotor performance of offspring (e.g., Beuchat 1988; Shine and Harlow 1993; Mathies and Andrews 1997; Rock and Cree 2003) , and thus the shift in thermoregulatory behaviour associated with pregnancy is considered an important maternal effect (Bernardo 1996) .
In contrast to squamates, oviparous amphibians lay eggs either shortly before or just after fertilization depending on reproductive mode (Duellman and Trueb 1986) , and thus egg retention, i.e., the period between egg fertilization and oviposition, is either absent or hypothesized to be too short to affect the thermoregulatory behaviour of females (strict oviparity; Clutton-Brock 1991). For example, newt eggs are fertilized not in the oviduct but in the cloaca as they pass by the spermathecae (Sever 2003) . Freshly laid eggs contain embryos at the first or second cleavage stage (Griffiths 1996) , which is 6-8 h after fertilization (Gallien and Bidaud 1959) . This is an incomparably shorter time than that in most oviparous squamates, in which fertilized eggs remain in the oviduct for 1-2 weeks (Saint Girons 1985) . However, some caudate amphibians with internal fertilization have a prolonged egg-deposition period, i.e., the time between ovi-position of the first egg and the last egg by a female during a given reproductive season. Choice of oviposition site depends on various biotic and abiotic factors, including temperature (e.g., Seale 1982; Warner and Andrews 2002) . Hence, if females with a prolonged egg-deposition period select sites for oviposition at least partly using thermal cues, their thermoregulatory behaviour might be influenced not by egg retention but by temperature-dependent choice of oviposition sites.
Newts of the genus Triturus are suitable candidates for demonstrating the effect of reproduction on temperature preferences of amphibians, for three reasons. First, within a few days after the first mating, females start to lay eggs not in one or several clutches but by wrapping them individually on submerged plants (Díaz-Paniagua 1989) . Second, females lay up to several hundred eggs and the oviposition period lasts up to 3 months (for a review see Baker 1992) . Third, in some species, oviposition-site choice can be influenced by water temperature (Miaud 1995) . In this study, I focused on the thermoregulatory behaviour of the Italian crested newt, Triturus carnifex (Laurenti, 1768), in a laboratory thermal gradient to examine the influence of reproduction on the temperature preferences of females of a strictly oviparous species. I tested two specific predictions. First, reproductive females will prefer higher temperatures than nonreproductive females and males. This is based on the facts that embryonic development of newts is strongly dependent on water temperature (Griffiths and de Wijer 1994) , mean water temperature is relatively low during the reproductive period (5-15°C; Fasola and Canova 1992; Mosconi et al. 1994) , and females deposit their eggs a few centimetres below the water surface (Miaud 1995) . Second, reproductive females will select higher temperatures exclusively for oviposition. If this is so, preferred body temperatures of reproductive females will be higher during activity than during inactivity.
Materials and methods

Study species and maintenance
Triturus carnifex is a stout-bodied newt with total length up to 220 mm (Arntzen 2003) . This species usually has a biphasic lifestyle with an aquatic phase lasting from March to August. However, some individuals may stay in water permanently (Andreone and Giacoma 1989) . Females lay eggs from March until the end of May.
Five adult male (total length 119-145 mm, body mass 8.7-13.1 g) and 12 adult female (total length 118-168 mm, body mass 12.9-19.6 g) newts were captured from a population near Ljubljana, Slovenia, in 1999. Newts were transferred to a laboratory at the Institute of Vertebrate Biology and housed either separately or in pairs in plastic cages (50 cm × 30 cm × 25 cm) filled with 15 L of tap water. Each cage was provided with a piece of Styrofoam ® (10 cm × 15 cm) and some aquatic plants (Vesicularia dubyana) for refuge. Newts were placed in a room at 10-24°C (MarchNovember) or 4-8°C (November-March) with a natural photoperiod for 2 years. This period was necessary to determine the proper conditions for inducing regular reproduction under laboratory conditions. I assumed that this period did not affect the natural rhythms of newts. This temperature regime was similar to that experienced by newts in the field (Fasola and Canova 1992) . In spring 2002, newts were acclimated to 20 ± 2°C and a photoperiod of 12 h light : 12 h dark for 6 weeks before measurements were made (12 May -2 June). This temperature is close to preferred temperatures previously reported for this species (Strübing 1954) . Newts were fed with earthworms, Tubifex worms, or fish meat once or twice per week.
Temperature preferences
I measured thermal preferences in a stainless-steel tank with a horizontal thermal gradient (for details see Gvoñdík 2003) . The tank was divided longitudinally into three lanes. Each lane consisted of 12 partially separated equal-sized compartments with different water temperatures (5-32.5°C). The tank was filled with water to a depth of 4 cm. Compartments contained similar amounts (about 10 g wet mass) of V. dubyana to provide females with equal opportunity for oviposition. Water was intensively aerated in all compartments to prevent establishment of an oxygen gradient. The tank was placed in a room at 18 ± 2°C. Illumination was provided by fluorescent tubes (300 lx) during the day (0600-1800) and two red incandescent bulbs (<5 lx) during the night.
I divided newts into three groups according to sex and reproductive state: reproductive females (mated and laying eggs; n = 7), non-reproductive females (unmated and not laying eggs; n = 5), and males. Because feeding and digestion affect temperature preferences in closely related species (Gvoñdík 2003) , all newts were fed with equal amounts (10% body mass) of Tubifex worms 24 h prior to experiments. For determining temperature preferences, I placed three randomly chosen newts individually in 20°C water in each lane of the gradient 12 h before the experiment for habituation to the gradient environment. Subsequently, their behaviour was videotaped (SVT-S3050P, Sony, Japan) using a wide-angle camera (CCD-TRI-Q-2012FP, Videotronic Infosystems GmbH, Neumünster, Germany) over a 24-h period beginning at 2100. I recorded the number and position of eggs laid by each female for 24 h after the measurements were finished.
I later reviewed the videotapes to record the position of newts in the gradient at 10-min intervals. These position values were then transformed to temperatures by using the known water temperature in each compartment. To evaluate how closely body temperatures of newts matched the temperature of the surrounding water, at 15 positions along the gradient I continuously measured the body temperature of one anesthetized newt by inserting a thermocouple probe (0.5 mm diameter) connected to a digital thermometer (HH 22, Omega Engineering, Stamford, Connecticut) 10 mm into its cloaca. Because body temperatures closely approached those of the surrounding water (r = 0.99) within 1 min, I considered this method a reliable indirect estimate of body temperature in newts during the aquatic phase. Fewer than 5% of individual measurements were obtained from newts that left the water by climbing on the walls for 10-20 min, and these were discarded.
Because individual variation in locomotor activity (hereinafter "activity") may affect the mean and variance of preferred temperatures (Hutchison and Dupré 1992) , I estimated activity for each newt as the number of times it entered a different compartment during a 10-min period (Gvoñdík 2003) . This activity rate was used to differentiate between preferred temperatures during activity and inactivity (= no movement). Because such differentiation often resulted in <5 measurements per activity category per hour, I used 3-h means for further analyses. I consider this number of intervals sufficient to characterize a time response adequately. To characterize the range within which newts maintained their body temperature, I estimated the lower bounds (LBT p ) and upper bounds (UBT p ) of the preferred temperature range for each individual as the central 80% of all body temperatures measured over the 24-h period.
Statistics
After data were checked for normality and homoscedasticity (for details see Gvoñdík 2003) , the effects of sex and reproductive condition (both effects were considered a "reproduction" factor for statistical analyses) on preferred temperatures were tested using a linear mixed-effects model for repeated-measures analysis (Pinheiro and Bates 2000) . This analysis has advantages over commonly used repeatedmeasures ANOVA or MANOVA because of (i) its less restrictive assumptions, (ii) the incorporation of random and fixed effects, (iii) its flexibility to model the within-group correlation, and (iv) the possibility of accommodating subjects with missing data and repeated measures can be unequally spaced (von Ende 2001). I used a two-factor ("reproduction" and "time of day") repeated-measures design. The individual identity of newts was added as a random grouping factor. I used various correlation structures for time-series data (Pinheiro and Bates 2000) to model dependence among observations. As the best fit model, I chose that with the lowest value of the Akaike Information Criterion, i.e., a model with an autoregressive correlation structure. The same model was used to test for the effects of the factors reproduction, time of day, and individual identity on the activity rate. A significance level of α = 0.05 was used for all statistical tests. All means were reported ± 1 standard error. Statistical analyses were performed with R (R Development Core Team 2003).
Results
Reproductive condition influenced temperature preferences during activity (F [2, 14] = 7.91, P = 0.005; Fig. 1A) . Consistent with the first prediction, reproductive females preferred higher temperatures (19.2 ± 0.3°C) than nonreproductive females (16.3 ± 0.9°C) and males (15.2 ± 0.7°C; planned contrasts, P < 0.05 for both). Time of day had no significant effect on preferred temperatures (F [7, 84] = 1.25, P = 0.29) and daily variations in the pattern of preferred temperatures did not differ significantly between sexes or reproductive states (F [14, 84] = 1.05, P = 0.41). The data did not, however, support the second prediction: mean preferred temperatures did not differ significantly between activity and inactivity in all groups (repeated-measures ANOVA, F [2, 14] = 0.87, P = 0.44). Temperatures preferred by newts during inactivity were also affected by their reproductive condition (F [2,14] = 5.75, P < 0.02; Fig. 1B ). Reproductive females preferred higher temperatures when inactive (19.3 ± 0.3°C) than non-reproductive females (17.0 ± 0.9°C) and males (15.0 ± 0.8°C; planned contrasts, P < 0.05 for both). Time of day had no significant effect on overall preferred temperatures during inactivity (F [7, 95] = 1.77, P = 0.10; time of day × reproduction, F [14, 95] = 0.93, P = 0.53). However, comparing these results with Fig. 1B reveals that they are probably an artefact of low sample size and high variability of preferred temperatures. The activity rate showed similar variation in all groups over 24 h (F [14, 98] = 0.41, P = 0.97; Fig. 2) , suggesting a minor effect of activity on differences in temperature preferences between reproductive females, non-reproductive females, and males. Sex and reproduction modified the preferred-temperature range (ANOVA, F [2, 14] = 5.20, P = 0.02; Table 1 ). Reproductive females preferred temperatures within a much narrower range than non-reproductive females and males. Comparisons of LBT p and UBT p values between sexes and reproductive states revealed marked differences in LBT p (LBT p : F [2, 14] = 6.93, P = 0.008; UBT p : F [2, 14] = 2.59, P = 0.11; Table 1), suggesting that the narrower preferred-temperature range in reproductive females mainly resulted from an upward shift in LBT p .
Reproductive females laid from 0 to 17 eggs over 24 h. Mean water temperature at the oviposition sites ranged from 18.2 to 22.5°C (overall mean 19.4 ± 0.6°C) among females. These mean temperatures were very close to mean maternal preferred temperatures (paired t test, t = 0.67, df = 5, P = 0.53). The relationship between maternal preferred temperature and the number of eggs laid by each female was nonsignificant (r = -0.50, df = 6, P = 0.25).
Discussion
The results of this study show that reproduction influenced both the mean and range of preferred body temperatures in T. carnifex. Similar thermoregulatory responses have been reported previously in many viviparous squamates (see the Introduction), but rarely in oviparous ones (Werner 1990; Brana 1993; Smith et al. 1993; Tosini and Avery 1996; Blouin-Demers and Weatherhead 2001) . Moreover, some studies on oviparous species were based exclusively on measurements of field body temperature, and thus it is unclear whether modifications of the body temperatures of gravid females resulted from the shift in thermal preferences or from costs of thermoregulation (Brana 1993) . Also, all oviparous species showing a shift in female body temperatures during reproduction are characterized by a relatively long eggretention period. Hence, the results of this study are noteworthy because they provide the first evidence of an influence of reproduction on preferred body temperatures in a species whose females do not carry developing embryos in utero (strict oviparity).
Reproductive females preferred higher body temperatures than non-reproductive females and males (Fig. 1) . The favoured explanation for the upward shift in female preferred temperatures assumes that the thermal optimum of the mother differs from the optima of her offspring (the maternal-effect hypothesis; e.g., Patterson and Davies 1978; Beuchat 1986; Mathies and Andrews 1997) . Temperature sensitivity of offspring traits was not considered here. However, some preliminary results (T. Vinšálková and L. Gvoñdík, unpublished data) suggest that larvae originating from eggs incubated at the mean temperature preferred by reproductive females (19 ± 1°C) hatched after 15 days, which is 6 days before larvae originating from eggs incubated at the mean temperature preferred by non-reproductive females (15 ± 1°C). Similar results were also found in other newts (Griffiths and de Wijer 1994) . Generally, the shorter incubation time leads to a competitive advantage for amphibian larvae and increases the probability of successful metamorphosis in temporary ponds (for a review see Alford 1999) . In this study, mean water temperatures at the oviposition sites showed a striking similarity to the mean preferred temperature of reproductive females, implying that reproductive female T. carnifex might modify their thermoregulatory behaviour either to deposit eggs at temperatures beneficial for embryo development or to provide optimal temperatures for the physiological process of oviposition.
On the other hand, reproductive females maintained similar mean preferred temperatures during activity and inactivity, and their mean preferred temperatures were not associated with the number of eggs laid during the experiment. This suggests that the shift in their thermal preferences was due to factors other than the selection of oviposition sites. Furthermore, the number of eggs per female deposited during the experiment was low (0 -17). Consequently, considering that the mean time for egg laying and wrapping is about 5 min (Díaz-Paniagua 1989) , the proportion of the total time budget dedicated to oviposition by one female varied from 0 to 85 min during the 24-h period. In contrast, reproductive females maintained elevated preferred temperatures over the considerably longer time (Fig. 1) . The maintenance of higher body temperatures increases the metabolic rate and consequently the oxygen-consumption rate (Eddy and McDonald 1978) . This carries costs in terms of energy expended and perhaps of survival, owing to increased vulnerability to predators during frequent breathing bouts. It follows that if females modified their preferred temperatures exclusively for the purpose of choosing an oviposition site, it is unlikely that they would spend considerably more time in the costly environment than was necessary for oviposition. Hence, it is doubtful that the prolonged elevation of the preferred temperature is a consequence of oviposition-site choice linked to thermal optima for high embryogenesis/offspring quality.
Reproductive females maintained their body temperatures within a narrower range than non-reproductive ones in this study. The shift in thermoregulatory precision as a function of reproduction has been found in several species of lizards and snakes (Beuchat 1986; Tu and Hutchison 1994; Mathies and Andrews 1997; Le Galliard et al. 2003) 1993; Blouin-Demers and Weatherhead 2001). A general explanation for this shift is similar to that for the shift in the mean preferred temperatures: reproductive females thermoregulate more precisely because it is beneficial for embryonic development. Indeed, several authors demonstrated that not only the mean incubation temperature but also its variation have substantial effects on hatchling phenotypes (e.g., Shine and Harlow 1996; Andrews et al. 2000) . However, this explanation certainly cannot be applied to the present findings because embryos develop exclusively outside the female body in newts, and thus variation in maternal body temperatures is independent of temperature variation during embryonic development. Because the shift in LBT p values was more prominent than that in UBT p values in this study, the maintenance of the narrower preferred-temperature range might rather be a way to increase body temperature and simultaneously avoid potentially deleterious high temperatures.
Two alternative hypotheses may explain the shift in the temperature preferences of reproductive females. First, the shift in preferred temperatures results from physiological changes associated with reproduction. Because reproduction involves an integrative set of processes, reproductive females may modify their thermoregulatory behaviour because of different thermal optima for some processes (e.g., egg passage, egg encapsulation, or fertilization) that are related to reproduction as it occurs during feeding and digestion (e.g., Dorcas et al. 1997) . Second, females modify their thermoregulation in response to endocrine changes during reproduction (for a review see Kikuyama et al. 2003) . For example, estrogen induces a shift in preferred temperatures in a lizard (Garrick 1974) , and its binding ability is temperaturedependent in frogs (Paolucci and Botte 1988) . Prostaglandins, the level of which can be elevated during oviposition, stimulate contractions of the oviduct in birds (for a review see Whittier and Tokarz 1992) and contractions of the spermatheca in a newt (Hardy and Dent 1987) , and induce thermophilic responses in frogs (Myhre et al. 1977 ) and salamanders (Hutchison and Erskine 1981) of a magnitude similar to that observed in this study.
From an evolutionary viewpoint the major drawback of studies dealing with the influence of reproduction on temperature preferences in viviparous species is the failure to identify whether the shift in preferred temperatures is a cause or an effect of thermal optima for embryonic development. For example, natural selection can either favour genotypes that produce embryos which develop at the maternal preferred temperature already modified due to another cause, or favour mothers that maintain a body temperature which is beneficial for embryo development (Angilletta and Sears 2003) . In this study, reproductive females maintained higher body temperatures than non-reproductive ones, though they did not carry embryos in utero, irrespective of the number of eggs deposited. This observation supports the former view; that is, the shift in maternal preferred temperature may be considered an exaptation (Gould and Vrba 1982) rather than an adaptation linked to optimal embryonic development. Moreover, because the reproductive mode of newts, i.e., strict oviparity with internal fertilization, represents the ancestral character state in the evolution of viviparity (Wake 1989) , it shows that the evolution of the shift in temperatures preferred by for reproductive females may precede evolutionary transitions to advanced modes of reproduction like oviparity with prolonged egg retention and viviparity.
